The effects of several metals on microbial methane, carbon dioxide, and sulfide production and microbial ATP were examined in sediments from Spartina alterniflora communities. Anaerobically homogenized sediments were amended with 1,000 ppm (ratio of weight of metal to dry weight of sediment) of various metals. Time courses in controls were similar for CH4, H2S, and C02, with short initial lags (0 to 4 h) followed by periods of constant gas production (1 to 2 days) and declining rates thereafter. Comparisons were made between control and experimental assays with respect to initial rates of production (after lag) and overall production. Methane evolution was inhibited both initially and overall by CH3HgCl, HgS, and NaAsO2. A period of initial inhibition was followed by a period of overall stimulation with Hg, Pb, Ni, Cd, and Cu, all as chlorides, and with ZnSO4, K2CrO4, and K2Cr2O7. Production of CO2 was generally less affected by the addition of metals. Inhibition was noted with NaAsO2, CH3HgCl, and Na2MoO4. Minor stimulation of CO2 production occurred over the long term with chlorides of Hg, Pb, and Fe. Sulfate reduction was inhibited in the short term by all metals tested and over the long term by all but FeCl2 and NiCl2. Microbial biomass was decreased by FeCl2, K2Cr2O7, ZnSO4, CdCl2, and CuCl2 but remained generally unaffected by PbCl2, HgCl2, and NiCl2. Although the majority of metals produced an immediate inhibition of methanogenesis, for several metals this was only a transient phenomenon followed by an overall stimulation. The initial suppression of methanogenesis may be relieved by precipitation, complexation, or transformation of the metal (possibly by methylation), with the subsequent stimulation resulting from a sustained inhibition of competing organisms (e.g., sulfate-reducing bacteria). For several environmentally significant metals, severe metal pollution may substantially alter the flow of carbon in sediments.
Marine sediments play a vital role in the ecology of coastal areas. The benthic microflora are intimately involved in the cycling of carbon and the regeneration of inorganic nutrients (4, 9) . Coincidently, sediments act as a sink for many anthropogenic pollutants (6, 24) . Accumulations of such pollutants may affect microbiological activities in the sediments. Changes induced by environmental contaminants in the predominating pathways of terminal carbon flow, nutrient regeneration, and nutrient transformations would have serious consequences for the organisms living within the sediments and in the water column.
Heavy metals are an important class of pollutants and derive from both point (e.g., sludge dumping and industrial effluents) and diffuse (e.g., runoff) sources. Metals such as mercury, lead, cadmium, copper, chromium, and zinc have been shown to occur at significantly elevated levels in many nearshore environments, often in the parts-per-thousand (ratio of weight of metal to dry weight of sediment) range (6, 24) . Little is known about the effects of such accumulations on the sediment microflora.
We have therefore undertaken a study of the effects of several environmentally significant heavy metals on ATP biomass, methanogenesis, sulfate reduction, and CO2 production in anoxic salt marsh sediments.
MATERIALS AND METHODS
Experimental setup. Sediment samples were collected from Flax Pond, a relatively unimpacted salt marsh on the north shore of Long Island, N.Y. Freshly collected sediments were homogenized at low speed with filtered seawater in a 1:2 ratio of sediment volume Samples were taken over the course of several days for various analyses. Experimental flasks were compared with control flasks, which received equal volumes of the carrier solutions lacking any metal. At the completion of an experiment, sediments were dried to constant weight at 105°C.
ATP assays. The effect of the addition of metals on microbial ATP was determined for several metals. ATP was extracted from portions of the sediment slurry with boiling citrate-phosphate buffer (2) and quantified with the luciferin-luciferase reaction. ATP samples were routinely run with and without internal standards to correct for substances in the sample extracts which might affect the activity of the luciferinluciferase preparation (10) .
Sulfate reduction. For most experiments after 7 October 1981, sulfate reduction was determined by calculating the reduction of 35So4-2 to H235S (8), as well as by gas-chromatographic analysis (see below).
For assays of sulfate reduction, 5 to 10 ,uCi of 35S04-2 was added to experimental and control flasks before metals were added. Portions (0.5 ml) were obtained with a syringe through the stopper, placed in a reaction vial, and acidified. The H235S evolved was trapped in 2 ml of 2% CdCI2 solution, combined with 6 ml of Scintiverse, and counted as a gel by liquid scintillation methods with an external standard/channels ratio method of quench correction. Experimental flasks were compared with control flasks in terms of distintegrations per minute per flask.
Gas-chromatographic determinations. Methane in the gas phase was determined by flame ionization gas chromatography after separation on a column of Porapak R (2 m, 80/100 mesh) that was held at 60°C and that had an N2 carrier flow rate of 30 ml -min-1. Carbon dioxide and H2S were separated under the same conditions except for the use of a He carrier with a flow rate of 30 ml * min-' and determination with a thermal conductivity detector. The solubility of each gas was taken into account when total gas production was computed.
Metal determinations. Concentrations of copper, lead, chromium, and nickel were determined on a Perkin-Elmer model 403 atomic absorption spectrophotometer. Cores from the upper 10 cm of the study site were divided into 2-cm segments, oven dried at 105°C, and extracted with concentrated HCl-HNO3 (1:1) for 4 h at 95°C. Concentrations in the upper 10 cm were averaged and expressed in parts per million (ratio of weight of metal to dry weight of sediment).
RESULTS
Metal concentrations in the upper 10 cm were relatively low at our study site. Total copper averaged 71 ± 6 ppm (+ standard error [SE] for five samples), lead averaged 47 + 2 ppm, chromium averaged 30 + 2 ppm, and nickel averaged 31 + 5 ppm. Precisions on determinations (as coefficients of variation) were 2% for copper, lead, and nickel and 5% for chromium.
Methanogenesis in control flasks exhibited a short lag followed by a period of constant production and, finally, declining rates ( Fig. 1 (Table 1) . For controls, CO2 production had usually ceased by 7 days, and CH4 production had usually ceased by 4 days. Low variance (indicated as SEs in Fig. 1 ) was associated with replicate assays of both CH4 and CO2 production. In flasks in which assays were begun with oxic atmospheres, severly reduced CH4 production and higher CO2 evolution were apparent (Fig. 1) . For all activity parameters, experimental flasks were compared with control flasks with respect to the linear rate (after any lag in controls and over the same time period) and the maximum concentration by the end of the experiment.
Mercuric chloride at 10 (data not shown) and 100 ppm (Fig. 1) had little effect on either CH4 or CO2 production. For HgCl2, PbCl2, K2Cr2O7, KCrO4, ZnSO4, NiCl2, CdCl2, FeCl2, and CuCl2 at 1,000 ppm, a period of initial inhibition was followed by stimulation ( Fig. 1) (Table 2 ). In the cases of Ni, Cd, and Fe, this stimulation was not significant when compared with controls. A general inhibition of methanogenesis was noted with HgS, CH3HgCl, and NaAsO2, whereas PbS caused only an initial inhibition (Table 2 ). Methanogenesis was stimulated from the outset by Na2MoO4. Although methanogenesis generally leveled off in experimental flasks within 4 days, for ZnCl2 and CuCl2 a prolonged period of inhibition was followed by an extended period of enhanced methanogenesis.
In general, CO2 production was not severely affected by the addition of metals. A slight initial inhibition occurred with Na2MoO4, ZnCl2, and CdCl2, whereas substantial inhibition occurred with K2Cr2O7 and NaAsO2. Inhibition over 6 days was noted with Na2MoO4, K2Cr2O7, ZnCl2, CH3HgCl, and NaAsO2. A slight stimulation of overall CO2 production occurred with HgCI2, PbC12, NiC12, and FeCl2.
Initial rates of H2S production on the seven dates studied ranged from 0.02 to 0.24 ,umol * g of dry sediment-1 h-1, whereas overall production ranged from 4 to 42 ,mol * g of dry sediment-1. Evaluation of the effects of metals was generally confined to the radioisotopic assays to avoid underestimating SO2-2 reduction in metalenriched flasks because of possible metal precip- ,ug -g of dry sediment-' (±SE) ( Table 3) . For
PbCl2 and HgCl2 at various levels, no significant decrease in ATP pools was noted. In fact, when each was added at a low level (10 ppm), a slight increase in ATP levels may have occurred. NiCl2 also had little effect on ATP. Within individual experiments, significant (P < 0.05) decreases in ATP, relative to controls, were noted with copper, chromium, cadmium, and zinc. In order of increasing severity, ZnCl2, CdCl2, K2Cr2O7, and CuCl2 all substantially reduced sediment ATP levels, and the severity of inhibition generally increased with time (Table 3).
DISCUSSION
In general, S04-2 reduction is the predominating pathway of terminal carbon oxidation in anoxic marine sediments since S04 2 reducers effectively outcompete methanogens for common substrates (1, 13, 25) and have a higher theoretical growth yield (22) . Methanogenesis does occur concomitantly with S04-2 reduction (17, 20) , but it is usually of only minor significance until S04-2 levels are depleted to a point at which S04-2 respiration is limited, as occurs in the deeper portions of the sediment column (14) . In freshwater sediments, low concentrations of S04-2 allow methanogenesis to predominate as the main terminal oxidative process (25) , although recent evidence indicates that substantial amounts of S04-2 reduction may also occur in some freshwater systems (7). Differential inhibition of SO4-2-respiring bacteria has been shown to result in higher methanogenic activities (16) .
Besides interspecific competition, other factors may influence the relative proportions of methanogenesis and S042 reduction in a particular system. Sulfate (25) and sulfide (3, 12) have both been implicated as direct inhibitors of methanogenesis. A variety of metals were shown to be highly and specifically inhibitory to SO42-respiring bacteria (21) . Furthermore, Pederson and Sayler (18) found little evidence of the inhibition of methanogenesis in lake sediments amended with mercury. The recognized ability of methanogens to methylate a variety of metals (19) may contribute to a relatively lower sensitivity to those metals. It should be noted, however, that the addition of high levels of CH3HgCl (1,000 ppm) to our assay system was very inhibitory to methanogenesis ( Table 2) .
The levels of metals used in our experiments may seem exceptionally high. However, concentrations of Cr, Cu, Hg, Pb, and Zn in excess of 1,000 ppm have been noted in coastal sediments subject to heavy pollutant loading (6, 24 (15) recently reported that heavy organic pollution of intertidal sediments produced a shift from S04-2 reduction to methanogenesis. They attributed this observation to the rapid depletion of interstitial S04-2 through intense S04-2 reduction which was fueled by organic loading. Many sources of organic pollution, such as sewage sludge, also contain high levels of heavy metals (24) , and such factors may additionally have contributed to the phenomena observed by Mountfort and Asher (15) .
Methanogenesis was stimulated to various degrees by the majority of the metals tested. Oremland and Taylor (16) attributed the stimulation of methanogenesis by Na2MoO4 to differential inhibition of S04-2 respirers. Although no other metal elicited as great a response in our system as Na2MoO4, we suspect a similar explanation may account for our observations. In fact, our evidence indicates a sustained inhibition of S04-2 reduction by most of the metals which stimulated CH4 production. Selection and enrichment of metal-resistant strains of methanogens is another possibility. Such phenomena have been noted in bacterial populations of marine sediments subject to chronic metal pollution (23) . Further work is being undertaken to investigate the nature of the observed stimulation.
For several environmentally significant metals, chronic pollution may shift the natural preponderance of the terminal flow of carbon in the sediments from S04-2 reduction to methanogenesis, possibly lowering the catabolic efficiency of the sediment system so affected. A further implication of such a shift is the potential ability of methanogens to aggravate metal toxicity at higher trophic levels through methylation.
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